Abstract Immunotherapy directed against tau is a promising treatment strategy for Alzheimer's Disease (AD) and tauopathies. We review initial studies on tau-directed immunotherapy, and present data from our laboratory testing antibodies using the rTg4510 mouse model, which deposits tau in forebrain neurons. Numerous antibodies have been tested for their efficacy in treating both pathology and cognitive function, in different mouse models, by different routes of administration, and at different ages or durations. We report, here, that the conformation-specific antibody MC-1 produces some degree of improvement to both cognition and pathology in rTg4510. Pathological improvements as measured by Gallyas staining for fully formed tangles and phosphorylated tau appeared 4 days after intracranial injection into the hippocampus. We also examined markers for microglial activation, which did not appear impacted from treatment. Behavioral effects were noted after continuous infusion of antibodies into the lateral ventricle for approximately 2 weeks. We examined basic motor skills, which were not impacted by treatment, but did note cognitive improvements with both novel object and radial arm water maze testing. Our results support earlier reports in the initial review presented here, and collectively show promise for this strategy of treatment. The general absence of extracellular tau deposits may avoid the opsonization and phagocytosis mechanisms activated by antibodies against amyloid, and make anti tau approaches a safer method of immunotherapy for Alzheimer's disease.
Introduction
Dementias are a growing burdensome health condition, affecting an increasingly greater percentage of the world's population. People are living longer, and are surviving conditions such as heart disease and cancer, which are becoming relatively treatable and are declining as 'cause(s) of death'. Alzheimer's Disease (AD) is the most common and most studied dementia associated with tau accumulation, however there are several other neurodegenerative disorders which are also classified as tauopathies. The term tauopathy suggests that there is some deposition of the protein tau metabolism and pathology occurs in association with this deposition.
AD is the leading cause of dementia, accounting for 50 to 80 % of dementia cases, and the prevalence of the disease is projected to increase significantly as the baby-boom generation retires and longevity continues to increase. AD is characterized by severe cognitive decline with age, ultimately requiring continuous caregiving and eventually death. The pathology of AD is characterized by the presence of extracellular amyloid plaques, intracellular neurofibrillary tangles (NFT) composed of hyperphosphorylated tau protein, neuron loss, and evidence of inflammation indicated by the presence of reactive microglia and astrocytes, as previously reviewed (Lee et al. 2001; Medeiros et al. 2010) . Frontotemporal Lobe Dementia (FTLD) is a rare form of dementia that is somewhat related to AD, most notably in the pathology of hyperphosphorylated tau and macroscopic brain shrinkage. It has a more rapid onset than AD, with symptoms that reflect personality changes more than memory loss (Lashley et al. 2015) . Like AD, there are no known treatments or cures for FTLD. Other tauopathies, where tau becomes pathologic, include frontotemporal dementia with associated Parkinsonism linked to chromosome 17 (FTDP-17), Pick's Disease, corticobasal degeneration, and argyrophilic grain disease. These diseases have different origins and symptoms, but all share pathologic forms of tau as a major correlative factor underlying the disease (Braak et al. 1993; Utton et al. 2005) .
Tau exists as a normal protein within cells to assist in stability of the cytoarchitecture, especially in neurons. It binds to microtubules to provide structural support for axons, and it also facilitates trafficking of important intracellular compounds and organelles, as reviewed by (Morris et al. 2011) and others. It is considered to be a key protein for normal neural functioning; however there are numerous paths by which it can be rendered unstable, or pathological. Posttranslational modification is one way that tau can change from beneficial to detrimental; hyperphosphorylation, nitration, acetylation and truncation are examples of post-translational modifications that can significantly alter tau function (Wang et al. 2014 ). In addition, while considered a natively unfolded protein, tau takes on multiple tertiary conformations, which hinder its ability to perform the intended function and ultimately render it as a toxic entity that leads to neurodegenerative disease (Yu et al. 2012) . Tau can become misfolded, leading to aggregation, which can lead to ubiquitination and breakdown by the ubiquitin-proteasomal-system; larger aggregates require the autophagy system for breakdown and removal (Wang and Mandelkow 2012; Castrillo and Oliver 2016) .
Initial efforts for treating tauopathies have focused on blocking hyperphosphorylation by using kinase inhibitors, which has been thought to be a primary initiating factor for aggregation (Sui et al. 2015) . Additional treatment approaches have included: aggregation inhibition using various types of small molecules (O'Leary et al. 2010 ); degradation of aggregates and clearance by enhancing metabolic processes such as those initiated by heat shock proteins (HSP), the UPS and/or autophagy (Fontaine et al. 2015) ; direct stabilization of microtubules using paclitaxel, EpoD, or other known microtubule stabilizing agents (Brunden et al. 2010) ; proteolysis or use of proteases and other methods of aggregate degradation (Guerrero-Munoz et al. 2014 ) (Utton et al. 2005; Oddo et al. 2009; Gotz et al. 2012; Himmelstein et al. 2012; Mandelkow and Mandelkow 2012; Wolfe 2012; Guerrero-Munoz et al. 2014) .
While these potential treatment strategies continue to be explored, an emerging approach that has shown promise in mouse models of tau deposition is immunotherapy. Vaccination is the most common form of immunotherapy, which typically involves administration of antigen, often with adjuvant, to actively increase the body's production of antibodies. Additionally, immunotherapy can be accomplished by injecting antibodies or antisera against the unwanted substance, thereby eliminating the need for the recipient's body to produce its own antibodies (passive immunization) (Lee et al. 2001; Wisniewski and Boutajangout 2010 ).
An adjuvant is frequently given with active vaccines to boost the immune system's response to the foreign substance (the immunogen). Adjuvants help improve immunogenicity of the administered compound by activating macrophages and other innate immune system components, such as microglia in the central nervous system (CNS). They increase the antigen-presentation of the immunogen to lymphocytes, thereby increasing endogenous production of antibodies by stimulating the immune system to produce more of a response than the antigen alone would (Wilcock and Colton 2008; Agadjanyan et al. 2015; Halle et al. 2015) . Most welltolerated adjuvants used in humans consist of aluminumbased compounds such as alum, which stimulates a Th2 (anti-inflammatory) cytokine response (Ghochikyan et al. 2006 ). BFreund's Adjuvant^(either Complete or Incomplete, CFA or IFA) is also commonly used experimentally, and stimulates a Th1 cytokine response (pro-inflammatory) (Billiau and Matthys 2001) . Another common adjuvant, Quil A, is often used in veterinary practices, and the equivalent for human clinical studies is called QS-1 (discussed below) (Ghochikyan et al. 2006; Ragupathi et al. 2010) .
Tau has become a focus for immunotherapy studies, in part because of some of the issues and limitations of Aβ immunotherapy in clinical research trials, as previously reviewed (Lemere 2013) , and in part because tau pathology is more directly linked to the symptoms, progression, and severity of AD (Braak et al. 1993; Oddo et al. 2009 ). There is a much stronger correlation between cognitive decline and the development of tau aggregates than with Aβ deposition (Sigurdsson 2008) . The best strategy for treating AD might prove to be one that targets both Aβ and tau in concert.
Active Immunization
Aβ immunotherapy began with investigations of active immunization using various forms of Aβ formulated as a vaccine, first in mice and then in human clinical trials. Passive immunization, which consists of injecting purified antibodies, followed preclinical research on active immunotherapy, as previously reviewed (Morgan 2011) . A similar course has evolved in tau immunotherapy. Active immunization was examined first (Table 1) , using various mouse models and immunogens for tau, in addition to multiple adjuvants. The next step was to consider passive immunization with various antibodies and multiple mouse models (see following section). Early studies showed that both active and passive forms of tau-directed immunization clear some of the pathological forms of tau. Even though tau has traditionally been considered an intracellular protein, recent studies have shown it to be released extracellularly and transmit pathology between cells (Lee et al. 2001; Kfoury et al. 2012) . First attempts at tau immunotherapy were performed by a group in Israel (Rosenmann et al. 2006 ) who injected fulllength recombinant human tau protein with CFA and pertussis toxin (PT) into wild type C57BL/6 mice to see if this might cause an autoimmune response such as encephalomyelitis, which was observed in clinical trials with Aβ vaccination (Orgogozo et al. 2003) . The CFA+PT adjuvant was chosen for its proinflammatory effect to identify immunotherapy safety issues. Using this approach, they detected encephalomyelitis along with NFT formation 1.5 to 5 months post-injection. This study demonstrated that by giving tau to non-transgenic animals in the context of severe innate immune activation, tau pathology could be initiated. In an attempt to target toxic forms of tau and avoid deleterious side effects, a follow-up study involved injecting a combination of 3 phospho-tau peptides, along with CFA and PT, peripherally, into two NFT mouse models (E257T; P301S), hypothesizing a reduction of pathology (Boimel et al. 2010 ). This peptide combination covered 5 pathogenic phospho-tau residues corresponding to the epitopes for antibodies AT 8, AT 100 and AT 180. Encephalopathic symptoms were not seen up to 8 months post-injection, however significant reductions were seen in NFTs and phospho-tau by staining for Gallyas, AT 8 and AT 180. Microglial population increased in response to the phosphotau peptide plus adjuvant injections. These effects were still seen 8 months after a single injection followed by one boost.
This group further examined the exaggerated effects of proinflammatory adjuvants (Rozenstein-Tsalkovich et al. 2013 ) by administering a 3 phospho-tau peptide antigens combined with CFA and PT. This combination produces a pro-inflammatory (Th1) response, thereby creating an inflammation-based mechanism of treatment. However, given the initial results from Aβ-targeted immunotherapy in human trials, this type of Th1 biased immunization increased the risk of (apparently) autoimmune encephalitis-like responses. The CFA adjuvant, with added PT, increases blood-brain barrier permeability of antigen, but consistent with the results from anti-Aβ vaccine clinical trials this pro-inflammatory condition can lead to encephalopathic conditions. They noted monocyte infiltration, however no added microglial activation, in response to the adjuvants alone. Antibody production was observed resulting from the p-tau immunizations. Nontransgenic (NTg) mice and double mutant E57T/P301S tau mice revealed significantly more inflammation in the NTg mice compared to the tau mice.
Ittner's lab reported, in 2011, a study using different adjuvants over the course of administration (Bi et al. 2011 ). This study examined active immunization using an antigen covering amino acids 395-406 (the PHF1 epitope) in pR5 mice overexpressing P301L mutation under the Thy1.2 promoter. Mice, aged 4, 8, and 18 months, were given three injections of the 12-amino acid antigen conjugated to keyhole limpet hemocyanin (KLH) with CFA adjuvant, followed by injection of antigen with IFA. Four months after they received the initial immunization, the mice showed notable antibody titers. Six to 9 months following the initial administration, they collected tissue for anatomical localization and quantification of tau pathology. They identified reductions in Gallyas staining, immuno-staining for PHF1, and pSer422. In addition the oldest group of mice showed a marked significant increase in astrocytosis and there was a trend for increasing levels of GFAP in the middle-aged group of mice. Following this initial focus on pSer396, Troquier et al. (Troquier et al. 2012 ) studied the pSer422 epitope as a potential therapeutic target. They used THY-1 promoter Tau22 mice, which demonstrate conformationally-based tau pathology at the pSer422 epitope, which is more easily accessible to immunotherapy than other phosphorylated tau epitopes, to investigate the effects of providing active immunotherapy that is specific to pSer422. These mice display pathology starting at 3 months of age. They first tested two immunogens that specifically targeted the pSer422 epitope (one included 7 amino acids, the other 11 amino acids) combined with CFA adjuvant. The mice received immunization for 14 weeks. They then chose the most immunogenic epitope to treat 3.5 month old mice (15 weeks of age) for 18 weeks followed by analysis for performance in a 2-trial Y-maze test. Pathology was also assessed using immunohistochemistry analysis (IHC) for AT100 and pSer422, along with Western Blotting for various phospho-tau markers. The behavioral testing showed that vaccinated mice performed similar to NTg animals, based on time spent in the novel arm compared to unvaccinated transgenic controls. The Sarkosyl insoluble tau fraction demonstrated significantly reduced pathology for AT100 and pSer422 by Western analysis. IHC revealed a trend toward reduction of these pathological markers in CA1. They also noticed an apparent efflux of tau from brain parenchyma to the blood sera, suggesting an increase of clearance from brain to systemic mechanisms of clearance, referred to as a peripheral sink (Citron 2010; Morgan 2011).
A very nicely designed series of studies on tau immunotherapy was conducted in the laboratory of Einar Sigurdsson at NYU. Initial work by Sigurdsson's group (Asuni et al. 2007 ) examined the effects of active immunization with 4E6G7, a computer-designed immunogen peptide of tau covering amino acids 379-408, which includes the PHF-1 phosphorylation sites of Ser396 and Ser404 (a late-stage phosphoepitope in NFTs). This immunogen, or the Alum adjuvant as a control, was injected subcutaneously between 2 and 5 months into JNPL3 P301L mice (Lewis et al. 2000) , which express 4R/0 N tau including a FTDP-17-associated tau mutation P301L (Denk and Wade-Martins 2009 ) using the mouse prion promoter. These mice develop pathology primarily in the motor cortex, brainstem, and spinal cord, typically resulting in hind limb paralysis after 9 months of age. Alum was chosen as an adjuvant because it is well tolerated and leads to a Th2-type immune response. The vaccinated mice were found to have reductions in insoluble tau and increases in soluble tau, and they exhibited improved performance on rotarod and balance beam tests. Additionally, a gender difference was noted, with females having more tau pathology before treatment, followed by similar levels to males post-treatment, suggesting that more pathological tau was prevented in the females (Bayer et al. 2005; Sigurdsson 2008 ). To address the question of the antibody distribution within the brain and whether or not they could enter neurons, Sigurdsson's group collected and purified antibodies generated against the tau immunogen, then FITC-labeled them, and injected the antibodies into the carotid arteries of the JNPL3 P301L mice. Later, histochemistry identified labeled antibodies in the brain, within neurons, and co-localized with markers for pathologic tau. Interestingly, the same labeled antibodies also were injected into NTg animals and no uptake into the brain was observed, suggesting that the blood-brain barrier is likely compromised in the transgenic animals, and probably also in humans with tauopathies, which would facilitate antibody passage into the brain (Sigurdsson 2009 ). The mouse model used by Sigurdsson et al. in their initial studies does not necessarily represent AD pathology; it is primarily a model of motor pathology that progresses so quickly that cognitive maze testing is not practical. However, this was a pioneering study that indicated immunization against tau could be a successful therapeutic approach in tauopathies and perhaps AD.
They followed this with work using a different mouse model that mimics AD more closely, exhibiting development of forebrain tangles and cognitive deficits. This model was created by crossing htau mice with M146L-mutation PS1 mice maintained on a mouse-tau knock-out background. These mice displayed early (before 2 months of age), rapidly progressing tau pathology in cortical and hippocampal areas. The same immunogen 4E6G7 was administered intraperitoneally (i.p.) with alum adjuvant, with controls receiving adjuvant alone. Antibody titers were measured by ELISA, and were notable, throughout the experiment. Behavioral testing included the same motor tests as described above, and also the radial arm maze, the closed field symmetrical maze, and novel object recognition testing. Immunization resulted in significant performance improvement in all three cognitive tests compared to controls. IHC for PHF1 revealed significant decreases in the immunized mice vs. controls. Soluble PHF1 tau was also reduced as measured by Western blotting. Most notable is that the behavioral improvements correlated well with the levels of PHF1 pathology. .
Most recently reported work by our research group examined active immunization using different agents, to map relevant epitopes to target with vaccination ).
Specifically, human full-length wild-type tau or P301L tau was administered subcutaneously with Quil A adjuvant into rTg4510 mice for 6 weeks (three bi-weekly injections), rested for 10 weeks then administered three additional injections. High titer antibody production in sera was verified and the best antigenic sites on tau were estimated by epitope mapping. The immune response resulted in greatest anti-tau antibody production of isotype IgG1, followed by IgG2b, IgG2a, then IgM. Analysis of IFN-γ demonstrated a strong T-cell response in splenocytes from vaccinated mice. Two N-terminal epitopes, two in the proline-rich domain, and one C-terminal epitope were identified. A 7-amino acid epitope at amino acids 21-27 proved to have the most robust binding to antisera, and this epitope corresponds to a caspase-cleavage site. The two epitopes in the proline-rich domain contain phosphorylation sites, perhaps leading to tau dissociation from microtubules and tangle initiation. Microglial activation, as assessed by CD45 and CD11b IHC revealed decreased inflammation in brains of the vaccinated mice. H150 total-tau staining was reduced in response to the wild-type tau administration, GFAP was reduced in the P301L administration, and AT8 and CD45 staining were reduced in response to both vaccines.
A summary of these active immunization studies against tau pathology is reported in Table 1 .
Passive Immunization
Sigurdsson also pioneered passive tau-directed immunotherapy efforts (Table 2) , by injecting the monoclonal antibody, PHF1, i.p., into JNPL3 mice. Two to 3-month old mice were given PHF1 weekly, or pooled mouse IgG as a control. At 5 to 6 months of age, behavioral testing (traverse or balance beam, rotarod, and open field) was conducted. The dentate gyrus, motor cortex, and brainstem were evaluated for pathology using IHC for PHF1 to compare pathological forms of tau to total tau levels. They found a significant reduction of PHF1 staining in the dentate gyrus along with a strong trend for reduction in the motor cortex, but no difference in the brain stem. Western blotting for PHF1 and CP13/B19 revealed significant decreases of insoluble pathological tau, but no differences in soluble or Sarkosyl soluble tau. Behavioral analysis resulted in fewer footslips on the traverse beam in the treated group, while the other motor testing did not appear to be affected. Because this mouse model primarily exhibits motor deficits, cognitive performance was not evaluated. The results do, however, show great promise for passive immunotherapy directed against tau, although the authors noted that this passive-immunotherapy approach seemed to be less efficacious than the prior active-immunization approach directed at essentially the same region of phosphorylated tau. This conclusion was based on the absence of an effect in the brainstem, despite effectiveness in the dentate gyrus. They also noted, however, that passive immunization is likely to be safer, by avoiding a potentially adverse T cell response, such as that found in the AN1792 vaccine study against the amyloid peptide (Boutajangout et al. 2011) .
In parallel work, Martin Citron, then at Eli Lilly was investigating passive immunotherapy directed at tau using two different tau-overexpressing mouse lines, the JNPL3 mouse and P301S mutant PS19 line. The JNPL3 mice received 15 mg/kg of antibody three times per week, while the P301S mice (which demonstrate more rapid progression; pathology becoming evident at younger ages) received 15 mg/kg twice weekly. They tested two different types of anti-tau antibodies: first giving systemic i.p. PHF1 administration, or i.p. administration of MC-1, an antibody specific to conformational alterations of tau (Chai et al. 2011) . The mice were given antibody or an IgG1 control hybridoma from non-immunized mice, starting at 2 months of age, continuing until 6 months. Western blotting revealed reductions in phosphorylated tau (AT8) in the insoluble fraction, but no change in total tau levels. This was confirmed in an ELISA assay using the AT8 antibody, which revealed a significant and substantial reduction of phosphorylated tau in response to both administered antibodies. They then administered the same antibodies to P301S mice from age 2 to 5 months, tested motor performance and showed a significant improvement on the rotarod for both antibody groups compared to controls. The rate and progression of improvement in motor deficits was greater for the P301S mice, which exhibit a more rapid onset of pathology, than the JNPL3 mice. Similarly, there appeared to be a delayed onset of pathology in the P301S mice. ELISA analysis revealed 45 % reduction in pathology with PHF1 administration, and a 33 % reduction in pathology after MC-1 administration. IHC also revealed reduced tau pathology after administration of either antibody compared to control, and no significant difference in microglia or astrocyte activation.
Work in Peter Davies' lab has followed on these investigations using JNPL3 mice. PHF1, MC-1, or the pan-tau antibody DA31, were administerd to either 4 or 7 month old mice for 4 months. They showed that MC-1 treatment reduced CP-13 staining in CA1 of the hippocampus as well as reducing RZ3 staining, in response to the antibodies directed against pathological tau isoforms. Their study looked for IgG in neurons, but failed to identify any, leading to questions of mechanism of action (d'Abramo et al. 2013 ).
Yanamandra et al. examined the effects and actions of various extracellular tau-targeting antibodies on P301S mice (Lee et al. 2001; Yanamandra et al. 2013) . Ongoing collaborations between Marc Diamond and David Holtzman have resulted in the creation of a spectrum of antibodies with varying activities for binding extracellular tau, with a general emphasis on preventing extracellular aggregation and Bseeding( propagation) of tau pathology. They have created a line of tau antibodies called the HJ8 series, which is raised against IHC immunohistochemistry, i.p. intraperitoneal, icv intracranial ventricular, FA formic acid extract, iv intravenous, i.c. intracranial full-length human tau, as well as a HJ9 series that are directed against mouse tau (Espinoza et al. 2008) . These antibodies were developed in response to observations of extracellular tau appearance was followed by seeding of pathology into nearby cells. They hypothesized that tau can aggregate extracellularly, then become absorbed by adjacent cells, thereby transmitting the pathology. They employed intracerebroventricular (ICV) administration using three of their antibodies: HJ3.4 directed against Aβ, HJ8.5 an anti-human tau antibody, and HJ9.3 & HJ9.4, which are anti-mouse tau. ICV provided continuous delivery of the antibodies, for 3 months, into 6-month old P301S mice. Clearance of antibody from the CNS to the periphery was identified by temporary infusion of biotinylated HJ8.5 followed by analysis of CSF and plasma, during the course of the ICV treatment. Behavioral analysis revealed no differences in motor function, but there was a significant improvement in contextual fear conditioning. The HJ8.5 treated mice exhibited far greater freezing levels than control tau mice, and to a lesser degree the HJ9.4 treated mice also exhibited significantly more freezing. Pathological evaluation revealed that administration of HJ8.5, HJ9.3 and HJ9.4 reduced immunostaining for AT8 (pSer202/pThr205), in the piriform cortex, amygdala, and entorhinal cortex, with HJ8.5 demonstrating the most robust improvement in pathology. HJ9.4 did not show significant reductions in the piriform cortex, however. These results were consistent between male and female mice, however the males had greater overall pathology. These results correlated with reductions in staining for PHF 1 (pSer396/404) as well as reductions in the microglial marker CD68. Additionally, a semiquantitative ranking of ThioS staining revealed a reduction of tau deposition in the HJ8.5-treated mice compared to controls.
Biochemical analysis of tau levels was determined using ELISA on 3 fractions from the anterior cortex: an aqueous fraction produced using RAB buffer, a detergent soluble fraction using RIPA buffer, and an insoluble fraction obtained by formic acid (FA) digestion of the resulting pellet. The aqueous and RIPA-soluble fractions did not reveal significant changes in total tau levels as detected using their total-tau antibody HJ8.7, however the detergent insoluble FA fractions demonstrated a significant decrease (>50 %) of total tau in the HJ8.5 and HJ9.3 treated animals. Western blot analysis, using mouse polyclonal antibodies, revealed similar results to the staining for AT8 and CD68 in response to these two treatments. The HJ9.4-treated animals did not demonstrate such reductions. These results were specific to human, not mouse, tau as assessed by ELISA using species-specific tau markers. AT8 levels followed a similar trend in the FA fractions based on treatment. They further treated HEK293 cells with the RAB lysates from the treated mice; FRET analysis identified significantly lower seeding levels in response to the H8.5 and HJ9.3 (but not HJ9.4) treatments that correlated with the FA-fraction ELISA tau levels. This study emphasized monomeric, extracellular tau in interstitial fluid (ISF), which was previously thought to be a very unlikely location for tau protein until recently. Tau may aggregate extracellularly as well as intracellularly, thereby passing pathology on to nearby cells (Yamada et al. 2011) .
Alternatively, Rakez Kayed's laboratory has been examining antibodies that are specific to oligomeric tau. Oligomers of tau, as well as other proteins, have been identified as possibly being the most pathogenic form of these prion-like proteins (Mandelkow et al. 1996; Hoover et al. 2010; Medeiros et al. 2011; LasagnaReeves et al. 2011b ) To this end, Kayed's laboratory developed and characterized, novel antibodies, T22 and TOMA, that specifically target tau oligomers, and not monomers or stable NFTs (Lasagna-Reeves et al. 2012a , 2012b . T22 is a rabbit antiserum that targets oligomers for analysis, whereas TOMA is a mouse monoclonal antibody that has been tested as an immunotherapy agent. Initially, they administered recombinant tau aggregates to 2-month old BALB/c mice along with CFA. The monoclonal antibodies derived from hybridomas from these mice were screened for specificity of tau oligomer targeting. In vitro testing, by ELISA, Western and dot blot demonstrated that T22 selectively marked oligomeric tau, but not monomeric tau, when compared to Tau 5 which recognizes all forms of tau; T22 did not bind to monomeric tau, while Tau 5 recognized all tau forms, thus demonstrating that T22 is a specific marker for tau oligomers. This original oligomer-specific polyclonal antiserum for tau enabled more specific identification of tau oligomers, so that characterization of tau pathology could be assessed in a new manner, then treatment approaches could be evaluated with a focus on oligomer-based pathology and improvements due to treatments.
Kayed's lab further created and validated a mouse monoclonal oligomer-specific antibody, TOMA (tau oligomer monoclonal antibody), which they administered to tau transgenic mice to examine its potential as a new immunotherapeutic approach for treating tauopathies (Castillo-Carranza et al. 2014a ) TOMA was administered by ICV or IV injection to 8 month-old male JNPL3 mice to examine the effects of oligomer-targeted treatment of tau pathology in vivo. Their ICV protocol was to inject 1 μg TOMA into each lateral ventricle one time. IV injection involved dilating the blood vessels in the tail, then injecting 30 μg of antibody. An additional group of 8 month-old mice received a tail-vein injection of 30 μg of biotinylated TOMA. Blood was collected before, and at several intervals after, injection to measure antibody concentration; brain tissue was collected to identify delivery of the antibody across the blood-brain barrier and into brain parenchyma. In vivo imaging of these animals revealed that the biotinylated TOMA did cross into both the brain and spinal cord. TOMA administration restored behavioral performance to that of wild-type mice in the tests conducted. The single ICV injection normalized rotarod performance to NTg levels. Additionally, the single IV administration yielded improvements in Y maze performance, which persisted through re-testing 2 months later. Pathology was evaluated using Western Blot, and probing for oligomeric-only tau using the polyclonal T22, in comparison to total monomeric tau, using Tau 5. ICV injection of TOMA led to a strong reduction in T22, but not Tau 5 staining by immunoblot; results were confirmed by immunofluorescent IHC staining, and were further correlated to reductions in pThr231 detection of tau aggregates, which has been shown to be associated with oligomers in human tissue (Lasagna-Reeves et al. 2011a ). HT7 results showed increased levels while various other phospho-tau markers were decreased, suggesting a possible transfer of oligomeric tau to monomers and early aggregates. The single IV dose of TOMA, while showing improvements in Y-maze and rotarod performance, also revealed reductions in tau oligomers (assessed by Western blot, probed with rabbit-anti tau antibody), as well as reductions in ELISA levels of tau oligomers. Further anatomical evaluation using immunofluorescence showed reduced levels of oligomers in cell bodies and axons of CA1 neurons compared to controls, and there were no reductions in AT8 or Gallyas staining, suggesting that changes in monomeric and NFT forms of tau were not involved in the improvements demonstrated here. ELISA and Western blot analysis using numerous other phospho-forms of tau did not show differences in either of the treatment protocols. They concluded that oligomeric tau clearance leads to behavioral improvement, whereas earlier monomers, phospho-forms, and even fully formed NFTS did not need to be cleared for these functional improvements.
The next step in AD-related immunotherapy involved passive immunotherapy to 3xTG animals to identify benefits to both tau and Aβ pathologies. Frank LaFerla's laboratory (Walls et al. 2014 ) has created a transgenic mouse line with the swAPP/PS1 and tau P301L mutations (3xTg mouse line), with the intent to examine correlated effects and treatments for both Aβ and tau pathology (Walls et al. 2014 ). Mice aged 15-18 months old were administered the AT8 anti-tau antibody, which recognizes the pSer202 and pThr205 epitopes (Walls et al. 2014) . The mice were given AT8, 4G8 (an anti-Aβ antibody) or IgG control, intracranially, into the CA1 region of the hippocampus. A single injection was followed by tissue collection at weekly intervals (1 to 4 weeks post-injection), Fig. 1 Gallyas silver staining of hippocampus, 4 days after intracranial injection of anti-tau antibodies into rTg4510 mice. One-year old rTg4510 mice (n= 6-8 animals per group) received intracranial injection (by convection enhanced delivery, CED) of potential tau-treatment antibodies into the right hemisphere. The left hemisphere remained untreated. Three different types of antibodies were tested, in comparison to an anti-GFP control injection. PHF-1 is a phosphorylated form of tau, MC-1 is a conformation-dependent antibody, and DA-9 is a pan-tau antibody. MC-1 treatment demonstrated a reduction in NFTs (p<0.05 by ANOVA), while the other antibodies did not. Scale bar=100 μm then IHC to identify changes in pathology. The AT8-injected animals showed a dramatic reduction in tau pathology oneweek post-injection (HT7 measurements). This reduction continued through week 2, but starting at week 3 the levels of tau pathology started returning to levels seen in IgG-treated controls. AT8 staining was also reduced 1-week post-injection, as was Gallyas staining for fully-formed NFTs. No changes in Aβ pathology were noted by staining for (6E10 measurements) in response to AT8 injection. However injection of 4G8 resulted in Aβ reductions for 1-2 weeks followed by recovery back to baseline levels, analogous to the transient reductions in tau found with AT8.
A summary of these studies is reported in Table 2 .
Mechanisms of Action
The results summarized above have demonstrated that varied methods of applying anti-tau antibodies are capable of clearing tau pathology, in parallel with improving behavior. The question that obviously arises is: what is the mechanism by which this clearance is occurring? The earlier work conducted by Sigurdsson's group has suggested that the tau-antibodies are taken up by neuronal cells. Then autophagy and induction of lysosomal activity degrades and clears the protein. This is the preferred pathway for degradation of misfolded proteins, oligomers and aggregates. These 'bad' proteins become sequestered into autophagosomes and then are enzymatically degraded (Ding and Yin 2008) . The autophagy pathway can be overwhelmed in pathologic conditions, leading to accumulation of aggregates in the cytosol, which leads to formation of fibrils, paired helical filaments, and other β-pleated sheet formations such as those seen in AD (Sigurdsson 2009; Morris et al. 2011 ).
Yanamandra's group suggested an extracellular method of tau clearance. Their antibodies were able to impede uptake of extracellular tau aggregates and inhibit prion-like propagation of tau between cells. They demonstrated that, by binding Fig. 2 Analysis of hyperphosphorylated tau (pSer199/202) in hippocampus, 4 days after intracranial injection of antibodies into 1-year old rTg4510 mice. The right hemisphere pathology, normalized by the uninjected left hemisphere, showed a marked response to two of the three different antibodies, compared to the anti-GFP control injection. DA 9 treatment yielded a moderate reduction in pSer199/ 202 staining (p<0.05), while MC-1 treatment led to an even more dramatic reduction of pSer199/ 202 (p<0.01; n=6-8 animals per group)). Statistics were computed using StatView software and ANOVA analysis. Scale bar= 100 μm extracellular tau aggregates, intracellular tau pathology could be delayed or prevented from passing on to a neighboring cell (Yanamandra et al. 2013 ).
Kayed's group (Castillo-Carranza et al. 2014b ) demonstrated that TOMA did not need to be internalized to reduce tau burden. Their results argued for a distinct clearance of tau pathology extracellularly. This extracellular clearance could also result in a peripheral sink type of mechanism by drawing tau oligomers from the brain and into the circulation, not unlike what has been observed for some anti-Aβ antibodies (Morgan 2011) .
Another potential mechanism of clearance that has largely been considered for both Aβ and tau immunotherapy involves microglial phagocytosis and removal, quite possibly in conjunction with inflammatory mechanisms. Sigurdsson's group addressed the role of inflammation and the immune system in tau pathology's clearance by microglial phagocytosis. They concluded indications did not favor this route of elimination (Sigurdsson 2008 ).
Kayed's group (Castillo-Carranza et al. 2014b ) analyzed brain sections from treated and control groups using ELISA and immunofluorescence, for IL-6, IL-1β and Iba1, and found no differences between any of the antibody treatment groups, thereby suggesting that microglial activation and inflammation were not major factors in their model. Their analysis of serum and CSF suggest that oligomeric tau clearance occurs extracellularly and leads to elevated breakdown products in systems designed for fullbody elimination, vs simply eliminating these polymers from neuronal cells.
Roche Pharmaceuticals has also examined tau immunotherapy using a triple transgenic model, and has followed on the earlier lines of targeting pSer422 with passive immunotherapy (Collin et al. 2014) . Their 3× mouse-line is TauPS2APP; swAPP mice crossed with PS2, then P301L tau mutant mice. These mice received either an acute treatment, or a chronic treatment of their cultured MAb86 antibody (phosphor tau 416-430, produced in rabbit) that was either Results were compared between antibody treatments and anti-GFP control injections. Both MC-1 and DA 9 treatments led to significant reductions in H150 pathology (p<0.05) compared to the anti-GFP control treatments. Results were analyzed using StatView software, for the nonparametric Mann Whitney U Test. Scale bar=100 μm mouse IgG1 (for chronic administration) or human IgG1 (for shorter administrations) Acute treatment consisted of two i.p. doses, 3 days apart, of the Bhuman^MAb86, in 16 month-old mice, with tissue collection 2 days after the last injection. Chronic administration began with 10-month old mice, which received weekly i.p. doses of the Bmouse^-antibody for 16 weeks, followed by tissue collection a week later. Their pSer422 monoclonal antibody, MAb86, specifically bound to tau phosphorylated at Ser422, but not unphosphorylated tau at that location. MAb86 specific binding was located to the CA1 region of the hippocampus of TauPS2APP mice, as shown by immunofluorescence, and it was further shown to be intracellular (somatic or dendritic) binding, suggesting that the antibody is taken into neuronal cells. Double staining with MAb86 and flotillin 1 (marker for lipid rafts) indicated localization in lipid rafts within the plasma membrane. Further localization with lysosomes corroborated the prior studies that suggested anti-tau antibodies are internalized, leading pathologic forms of tau to lysosomes for degradation and removal. They further demonstrated that chronic administration of MAb86 delayed tau pathology, while favoring lysosomal clearance using ELISA and immunofluorescence.
In summary, there are multiple mechanisms anti-tau antibodies might engage when used for the clearance of pathological forms of tau. These include stimulation of intracellular degradation, possibly following internalization of complexes, neutralization of intracellular aggregates, or neutralization of extracellular aggregates, preventing internalization and/or spreading of pathologic tau. Moreover, the peripheral sink mechanism, which reveals increased blood levels of tau aggregates, has been reported and might aid in tau clearance from the brain. At this stage, there is not much evidence favoring an opsonization and enhanced phagocytosis as a mechanism for tau clearance, as supported by work with anti-Aβ antibodies, but this cannot yet be ruled out. Just as it is likely that different anti-Aβ antibodies employ different or multiple methods of clearing amyloid (Morgan 2011), it is equally plausible that different anti-tau antibodies employ different or multiple mechanisms to stem the propagation of, or clearance of tau. Hence, there is not a right or a wrong mechanism of immunotherapy in opposing tau action in tau depositing mice. The apparent mechanistic differences observed by different research teams need not be viewed as conflicts. In fact they might be collectively integrated in attempts to identify the most efficacious monoclonal antibodies (possessing more than one mechanism of action).
Recent Work in Our Laboratory
Previous work in our laboratory has shown that peripheral administration of anti-Aβ antibody was successful in reducing diffuse amyloid and compact plaques in the brain, and this was accompanied by improved performance in the radial arm water maze (Wilcock et al. 2004) . Multiple microglial markers were modified by immunotherapy suggesting that one likely mechanism of clearance involved opsonization and Fcγ receptor-mediated phagocytosis. Our work in tau immunotherapy has been less conclusive, to date. So far, our results have suggested some positive impacts from tau passive Sub-populations of mice were stained with other phospho-epitopes of tau; here we show an example using pSer396, which did not demonstrate significant reduction in pathology, similar to others tested. Additionally, we examined the microglial marker CD45 to note if antibody treatment had any impact on pro-inflammatory response, which was not reflected here immunotherapy, however the most effective tau antibody remains elusive. We've treated several ages of rTg4510 mice, which demonstrate rapid tau deposition resembling that of advanced AD or FTLD patients (Santacruz et al. 2005) . This mouse line expresses the 4R0N tau isoform with a P301L mutation under control of a tetracycline (tet) promoter. High-level forebrain neuron-expression of tau is driven by crossing with a CamKIIdriven Tet-transactivator-protein transgenic mouse. These mice develop robust, progressive, age-dependent, pre-tangle and NFT pathology starting at 3 months of age. In addition to robust tau pathology, this model develops readily observable brain shrinkage visible as early as 6 months of age. Concurrent with the tau pathology is neuronal loss and atrophy. Behaviorally these mice exhibit extreme hyperactivity and impairment in a large number of cognitive function tests (Brownlow et al. 2014) .
Our initial studies examined rTg4510 mice at an age when robust tau pathology is well established (between 11 and 13 months of age). Our studies used intracranial injection of several tau antibodies, into the frontal cortex and hippocampus of rTg4510 mice. Injections were performed unilaterally using convection-enhanced delivery (CED), as described in (Carty et al. 2010) , at a rate of 2.5 μl/min, resulting in a total of 2 μg IgG per injection site. The contralateral hemisphere was untreated and used to normalize for differences in starting amounts of deposition. Four days post-injection, tissue was collected for IHC and histological staining to compare taupathology markers between the groups. NFTs were identified using Gallyas silver staining (Brownlow et al. 2014) . We also examined total tau using the rabbit polyclonal antibody H150 (Santa Cruz), rabbit-anti pSer199/202 (AnaSpec), and rabbitanti pSer396 (AnaSpec). CD45 and Iba-1, markers for microglial activation, were also examined, as well as total neuron population via Nissl staining. Sections were imaged with a digital scanning microscope (Mirax) and fractional area stained measured by image analysis of entire regions from 4 to 6 sections per region. Results are expressed as a fraction of the uninjected contralateral hemisphere.
We identified significant reductions in Gallyas staining (Fig. 1) as well as Ser199/202 (Fig. 2) and H150 (Fig. 3) staining in the hippocampus of mice treated with the antibody MC-1 when compared to mice treated with the antibody directed against the non-mammalian protein green fluorescent protein (GFP), which was not expected to remove tau deposits. We also examined staining for pSer396 and relative microglial activation, because microglial activation is one of the common pathological features of AD (Table 3) . No notable increase in microglial activation, as examined by CD45, was identified which is an encouraging finding because overactivation of the innate immune system has proven to be a challenge in clinical studies of Aβ immunotherapy. Nonetheless, all tau-depositing mice have much more CD45 than their Fig. 5 Spatial memory testing, using the radial arm water maze (RAWM), to identify cognitive differences between treated and untreated rTg4510 mice. Mice received anti-tau treatments of MC-1 (n=8), or Tau 5 (n=9), by continuous infusion into the right ventricle. Two weeks later, they were tested for cognitive performance in the RAWM. Results were compared to an IgG1 control treatment (n=9). A significant reduction in the number of errors in MC-1 treated mice compared to the IgG1 treated control group was identified, as highlighted by the average number of errors during the last block of testing. MC-1 treated mice, at this time point, had not achieved Non Tg levels (n=8), however the mice performed significantly better than the IgG1 controls as calculated by StatView ANOVA (p<0.05) Fig. 4 Cognitive-behavioral results from rTg4510 mice after receiving 2 weeks of continuous infusion of anti-tau antibodies into the right ventricle. Mice that had received 2 weeks of antibody infusion were subjected to a battery of behavioral testing, with emphasis on cognitive performance. Novel object recognition testing revealed that the IgG1 control antibody (n = 9) did not lead to performance improvement compared to Non Tg mice (n=8). In contrast, MC-1 treated mice (n=8) showed cognitive performance levels that were nearly indistinguishable from the Non Tg mice. ANOVA statistical analysis was performed using StatView software non-transgenic littermates. Similarly, we did not observe notable difference in neuronal population between the different treatments when using Nissl staining.
We conducted a subsequent study using 10-12 month-old mice, infused with either MC-1, Tau 5 or TOMA, or IgG1 (as a control) antibodies . The mice where implanted with miniosmotic pumps (Alzet) filled with 20 μg of either MC-1, Tau 5, or TOMA, or IgG control, (all of which were 1 mg/ml) into the right lateral ventricle for continuous delivery of 0.5 μg a day over 28 days, using mini-osmotic pumps (Alzet) as described previously (Selenica et al. 2013; Brownlow et al. 2014) . This route of administration allowed for behavioral testing as well as pathology evaluation. Activity testing for open field, revealed a genotype effect but no treatment effect; no differences were noted between the treated mice and controls when comparing taudepositing transgenic mice to non-transgenic littermates (Table 4) . Cognitive assessment (as in Brownlow et al. 2014 ) did reveal performance improvements in both novel object recognition testing (Fig. 4) and radial arm water maze (RAWM - Fig. 5 ) in response to MC-1 treatment when compared to IgG1 treated mice.
Overall these data suggest that MC-1, a conformation specific antibody developed by Peter Davies, has greater efficacy than several other antibodies when administered ICV. These data encourage consideration of a humanized form of this antibody or related human antibodies for testing in early stage cases of AD.
Future Directions
Tau provides many different strategies for treatment given its different isoforms, post-translational modifications, conformations, and more. Presently, it appears that targeting oligomers of tau is likely to be the focus for many of these studies. Multiple groups have been investigating oligomeric forms of amyloid and tau and consider these to be the most toxic forms of the proteins. As the groundwork continues to be laid in tau immunotherapy studies, it is likely that the next generation of immunotherapies will be directed at oligomers, as Kayed's lab has been doing. Additionally, many have suggested a future immunotherapeutic approach targeting Aβ and tau in concert, as noted by recent work in LaFerla's laboratory (Medeiros et al. 2011) . Interestingly, the general success obtained with anti-tau approaches might favor tau immunotherapy over antiamyloid immunotherapy. The low levels of extracellular tau coupled with the absence of general microglial activation may avoid the edema and hemorrhage observed with anti-amyloid immunotherapy in mice and humans (Wilcock et al. 2007; Sperling et al. 2012) .
On the clinical front, a tau active vaccine entered into a Phase 1 human clinical trial; an agent named AADvac1. Axon Neuroscience SE began a clinical study in mid 2013, recruiting subjects for a Phase I clinical study on the safety and tolerance, of this active immunotherapy agent: a synthetic tau peptide conjugated to KLH, also using aluminum hydroxide as an adjuvant to further stimulate the immune response (Clinical Trials.gov 2013) . The reported protocol consists of treating patients with mild to moderate AD three times, over a course of 3 months, then assessing response by measuring neuropsychiatric measures, cognitive testing, MRI, and blood biomarkers. Additional measures of immune response to the treatment will be obtained to verify the responses as immunemediated.
